US009479197B2

a2 United States Patent

Kroeger et al.

US 9,479,197 B2
Oct. 25, 2016

(10) Patent No.:
45) Date of Patent:

(54)

(71)

(72)

(73)

")

@
(22)

(65)

(62)

(1)

(52)

METHOD AND APPARATUS FOR
TRANSMISSION AND RECEPTION OF
IN-BAND ON-CHANNEL RADIO SIGNALS
INCLUDING COMPLEMENTARY LOW
DENSITY PARITY CHECK CODING

Applicant: iBiquity Digital Corporation,
Columbia, MD (US)

Brian W. Kroeger, Sykesville, MD
(US); Paul J. Peyla, Elkridge, MD
(US)

Inventors:

Assignee: iBiquity Digital Corporation,

Columbia, MD (US)

Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

Appl. No.: 14/817,423

Filed: Aug. 4, 2015

Prior Publication Data

US 2015/0341049 Al Nov. 26, 2015

Related U.S. Application Data

Division of application No. 13/835,011, filed on Mar.
15, 2013, now Pat. No. 9,136,874.

Int. CL.
HO3M 13/11 (2006.01)
HO4L 1/00 (2006.01)
(Continued)
U.S. CL
CPC .......... HO3M 13/1105 (2013.01); GO6F 11/10

(2013.01); HO3M 13/1102 (2013.01); HO3M
13/255 (2013.01); HO3M 13/2906 (2013.01);

HO3M 13/31 (2013.01); HO3M 13/63
(2013.01); HO3M 13/6362 (2013.01); HO4H

20/30 (2013.01); HO4L 1/0013 (2013.01);
HO4L 1/0041 (2013.01); HO4L 1/0045
(2013.01);

(Continued)

(58) Field of Classification Search

.................... HO3M 13/1102; HO3M 13/1154;
HO3M 13/1515; HO3M 13/255;, HO3M
13/2906; HO3M 13/31; HO3M 13/63; HO3M
13/6362; HO4H 20/30; HO4H 2201/18;
HO04L 1/0013; HO4L 1/0057; HO4L 1/0071,
HO4L 1/04; HO4L 1/08; HO4L 5/0044
714/758, 786, 776, 752, 790, 799, 821,
370/487, 529; 375/265, 34

See application file for complete search history.

USPC

(56) References Cited
U.S. PATENT DOCUMENTS

6,549,544 Bl
6,982,948 B2

4/2003 Kroeger et al.
1/2006 Kroeger et al.

(Continued)

OTHER PUBLICATIONS

Tang, Heng et al., “On Algebraic Construction of Gallager and
Circulant Low-Density Parity-Check Codes”, IEEE Transactions on
Information Theory, Jun. 2004, vol. 50, No. 6, pp. 1269-1279.

(Continued)

Primary Examiner — John J Tabone, Jr.
(74) Attorney, Agent, or Firm — Robert P. Lenart, Esq.;
Pietragallo Gordon Alfano Bosick & Raspanti, LLP

(57) ABSTRACT

A method includes: constructing complementary low den-
sity parity check codewords by generating a first codeword
having a first code rate; and partitioning the first codeword
by assigning groups of bits of the first codeword to four
quarter-partitions, wherein each of the quarter partitions
includes bits in one half of one of four independently
decodable semi-codewords each having a second code rate
that is larger than the first code rate. Receivers that receive
signals produced by the method are also disclosed.

15 Claims, 17 Drawing Sheets

S AUDIO & DATA INFUTl-'ﬂO 112
FRAME AUDIO PAGKETS & DATA |
VNG o
118
4 SCRAMBLER |
gl
£ ] 18
z [ RS ENCODER/ BYTE INTERLEAVER (OPTIONAL) |
g 1kinlu bifs/codeword 129
H
2 CLDPC ENCODER
= B 1 bits/oadeword M
& L HED) ML u
[ O S Sy
& 77 DVERSITY 12
& L DEM S
LA -
124 10
[ SHoRT T SHORT | LONG | LONG
| INTLY £ INTLY | INTLY INTLY
| s8 | usB | Lsa | UsB
BL! e BU MU
-~
OFDM SUBCARRIER OFDM SUBCARRIER
WMAPPER, LSB MAPPER, USB
L 12 Ub—mm
OFDN MODULATION
PAR REDUCTION

138-/" T0 DIGITAL UPCONVERTER Ciss



US 9,479,197 B2

Page 2
(51) Int.CL 8,190,963 B1* 52012 WU ..ooccovreerr HO3M 13/2906
HO3M 13/29 (2006.01) . iy 714/755
GO6F 11/10 (200601) 8,595,590 Bl 11/2013 VQ]CIC ~~~~~~~~~~~~~~~~~~~ HO4L{;;/50/246‘§
HO3M 13725 (2006.01) 2001/0050926 Al* 12/2001 Kumar ................ HO04H 20/30
HO04H 20/30 2008.01 370/529
HO4L 104 E2006 Olg 2003/0021341 AL*  1/2003 Vigil ... HO4N 5/211
: 375/240.01
Zzﬁl 5;2331 888288 2003/0212946 Al* 11/2003 Kroeger .......... HO3M 13/25
: 714/786
HO3M 13/00 (2006.01) 2005/0163256 AL*  7/2005 Kroeger ............ HO4H 20/30
HO4L 27/26 (2006.01) _ 375/300
HO4L 1/08 (2006.01) 2007/0019578 AL*  1/2007 Meiri .....ccooorrvennnnn. H04L3%0/(3)411?
HO3M 13/15 (2006.01) 2007/0044006 A1*  2/2007 Yang ...ooooovvore.... GL1B 20/1833
52) US.CL 714/785
2 CPC ........... HO4L 1/0057 (2013.01); HO4L 1/0063 2008/0175331 Al*  7/2008 Kroeger ............... H04;37é72*g?
(2013.01); HO4L 1/0068 (2013.01); HO4L 2008/0263428 Al* 10/2008 Eerenberg ............... HO04L 49/90
1/0071 (2013.01); HO4L 1/04 (2013.01); 714/762
HO4L 5/0044 (2013.01); HO4L 27/2697 2009/0006926 Al* 1/2009 Koppelaar ............ HO3M 13/09
(2013.01); HO3M 13/1154 (2013.01); HO3M . 714/762
13/1515 (2013.01); HO4H 2201/18 (2013.01); 2009/0268648 AL* 102009 Tardy ...o.oooooooven H04§{7§%}g
HO4L 1/08 (2013.01); HO4L 2(02%11/30%913) 2013/0091397 Al*  4/2013 Xia oo HO3M 13/6502
: 714/752
2013/0091400 AL*  4/2013 Xia ..o, HO3M 13/1102
56 References Cited 714/755
(56) 2014/0153625 AL*  6/2014 VOJCiC ovvvvvrrvvrrrrenn. HO4L 1/005
U.S. PATENT DOCUMENTS 375/224

B2
B2
B2
B2
B2
B2 *

7,043,681
7,305,043
7,305,056
7,352,817
7,464,324
7,590,920

7,933,368
8,111,716

B2
B2

5/2006
12/2007
12/2007

4/2008
12/2008

9/2009

4/2011
2/2012

Kroeger
Milbar et al.
Kroeger
Milbar
Kroeger et al.
Yang HO3M 13/2906
714/774

Peyla et al.
Tannuzzelli et al.

OTHER PUBLICATIONS

Chui, J. et al., “Design of Cross-Packet Channel Coding with
Low-Density Parity-Check Codes”, Information Theory for Wire-
less Networks, 2007 IEEE Information Theory Workshop, Jul. 1,
2007, pp. 1-5.

* cited by examiner



US 9,479,197 B2

Sheet 1 of 17

Oct. 25, 2016

U.S. Patent

L ‘O
||||||||||||||||| 1“ 4! _1|||||||||||||||||1...§n|||||||||
HINTOY  fe—] , “ HILLIASNYHL ~_ gy
1S I I > 118
v5— S 05
_ _ e m—m———————— hl
99— . | Ay
L nsva e
L IR ,Jﬁ N JFNN ! "
_ _ 1 1
et Al H " Ge | 8¢9
“ ¥ “ _ “ ! ! ce |08 Yy Y ! \
[ N TV e cl o i ! 1INININD3
" ENEXE] N I 43140dxd ' | NOILYNOLNY 0IaNLS
: H3110X3 N I L !
" “oc 1| 1 I m 02 i
IRt | R R g P—
95! 08 81~ 0P
I 1 | | 1 [}
I T - £ 1114) I D [ i
m GO._<Z< - m “ " m mm_._.mOn_S__ <+ “ fwm
[ B 1 I [ ) !
| I . 1
Loy S R L_ oe
v o - Loy
L | su3ainoyd
VdH 29 A 20IAH3S
I |
e e e e A L



US 9,479,197 B2

Sheet 2 of 17

Oct. 25, 2016

U.S. Patent

c Old
5 5
( \ A . \
( N
opG # 0GE # 0# Qgg- # OVG- #
207'86 | ZH 198621 ZH 19€'621- ZH 20196 1-

~N
—
o

9,

S z_<_>_|_
L >m<§_mn_ll_

dNva3dis
V11910 H3ddn

HIHHYIANS
JONIHI4IY
YNOILIdaY

TYNIIS A4 DOTYNY

/

| NIV

_|>m<s__mm -

aNVE3diS
VL9010 4ImOTT

H3lHHYIENS
JON34343Y
VNOILIady



US 9,479,197 B2

Sheet 3 of 17

Oct. 25, 2016

U.S. Patent

76

~

(082 #) ZH ¥¥2'101 -
(1€ #) ZH £GG'GLL
(18 #) TH JSh'22|

Ors#)  (95€ #)
ZH 0096l ZH LOE'Be

& Ol

9/
_Eazm_cm
NIVIA
_| AHVINIHd |
ANVE3dIS
V11910 H3ddN
43144y 04ans
JON34343Y
IVNOILIAdY

TYNOIS A4 DOTYNY

EEe]

- A4V _—

b

~

- (082- #) ZH vrl'101-
(816~ #) ZH €5G'GL1L-
(168~ #) 7H J5¥'2e1-

(9Ge- #) (95~ #)
ZH 19€'62L-  ZH Z0V'861-

NIVIN

ANVE30IS
VLIDIA EIMOT

d3(HdVOeNs
JON343434
¥YNOILIday



US 9,479,197 B2

Sheet 4 of 17

Oct. 25, 2016

U.S. Patent

701 c0t
™ )

(81€ #) ZH £5G'GLL (81¢- #) ZH €66'GLL-
(1€8 #) IH JS¥'2Cl (1€8- #) IH JSp'ez1-

(9% #) (95€ #) (96¢- #) (9hS- #)
ZH 20v'86 1 7H 19¢'62 HI9E'6Cl-  rZH0v'86H
YNDIS WA DOTYNY
. ~ 08
9.
(EERe! (30NDa _
o —! NIV ——
L v — L Y —
aNYE3aIS aNYE3aIS
VL1910 H3ddn VL1910 ¥3MOT
HIIHYVORNS
JON3H343Y H31HHY8NS
vNOILIaay ENECEEE
TVNOILIGay



U.S. Patent

Oct. 25,2016 Sheet 5 of 17

US 9,479,197 B2

AUDIO & DATA INPUT 1_/110 12
- FRAME AUDIO PACKETS & DATA
SYNC
| 116
114 SCRAMBLER
5 - 118
sl I o
= RS ENCODER / BYTE INTERLEAVER (OPTIONAL) !
(s 4
i, l k info bits/codeword ~_19g
= /4
S CLDPC ENCODER
2 B n bits/codeword M
=) BL ; ; BU ML MU
wo Y Y
i 7" DIVERSITY \ 122
L \_ DELAY
s -
Yt [:124 | | 130
| SHORT | SHORT ! LONG | LONG
| INTLV | INTLV | INTLV | INTLV
| LB ! USB ! LSB USB
MU
Y
OFDM SUBCARRIER OFDM SUBCARRIER
MAPPER, LSB MAPPER, USB
| 12— L \-126 198 Uj~13
OFDM MODULATION
PAR REDUCTION

FIG. 5

1334 TO DIGITAL UPCONVERTER 136



U.S. Patent Oct. 25, 2016 Sheet 6 of 17 US 9,479,197 B2

150
4608 INFO 9216 PARITY CHECK

2304




US 9,479,197 B2

Sheet 7 of 17

Oct. 25, 2016

U.S. Patent

Z Ol
e iy
l 894 991 |
l I
9/l

I - I
TN = L/ suq Aued y0gg 9~ |
I'suq 96v¢ - _
“ SHq ojul 261 | €/1=28ley | I
| VLl . EG%S “

NN = “es\.@ — S Aued y0£Z ol o1
L ~SHQ OJU[ 2611 |PJOMBPOD !

I suolued | T » J ! J

! " eneny | 2dA10 <o e O —Tarom
081~ o N xnwie@ | ™ 1 809y
LT “s)q Aued ,
14 fusiang /~Tsyq agre - ose "
. A SHq OJUl 251} |
0L |
_ - _
suq Awed y0€2

ne YSug 95ve - :
. SIIq OJul 2G| } :
| |
| = |
N 4 sl b o B



U.S. Patent Oct. 25, 2016 Sheet 8 of 17 US 9,479,197 B2

» 190
4608 INFO 4608 PARITY CHECK

2304

Replicate 1182

7T N




US 9,479,197 B2

Sheet 9 of 17

Oct. 25, 2016

U.S. Patent

6 D
F———————————- e il bl E
[ wch ocNJ 1
“ o1 “
- I ~S1q Aaued 202 I
TN ETIT s Aed g1 | ~ !
| - Z/L=0mry | 1
............ usp apoy | |
! ua IR 5 |!
NN < : siq Ared _
ETENT L 2L DIOMPOD 02 002
suonued
| -..u.w..mmﬁ.--- Odd10 =2 J X “m | Jo

02z . peng | || Xnuweq | swagizs 'suq o

_ XN SIq ol , 8097
LS S1q 9GFE rote :
1™ ] |
S sng Ajed !
8L¢c- 1 0l2 ¢Sl I
Repg ™\ !/ ~'SIq OJUI POEL !
N8 =— fysieng )~ Te3q gare “ﬂ_ﬁ._ a_a.o_ — “
i : : |
| 1
_ ¢/)=0JeJ pod |4 !

|



U.S. Patent Oct. 25, 2016 Sheet 10 of 17 US 9,479,197 B2

/230
4608 INFO | 2304PC | 2304 PC

1152

FIG. 10



US 9,479,197 B2

Sheet 11 of 17

Oct. 25, 2016

U.S. Patent

b e e e e e e -

LL ‘D
f o m e
I 292 092—
|
_oxa
- | <
TN = L S Awed zG 1|
L <
"mwm
- ! suq Ayed |
bl _%mﬁm PR pIOMapo)
_ -
| suonied ada1o
biz g9z | 1OHEND |_ Xnwsa(
_ XNN | suqowr |
g p0EC
9sve| | [~ sng Aped’
212 ngm Ll
~SIq ol YOS
ng HETE -
1 9GYE sig Aed 2G|

70€¢

¢169

||||||||| —_——————— -y

|
.................... .
%N 1] ose
sygor | 11 )
ainwiad | | | T sig
1 b ooju
_ “88
1
I
\ummm “ _
£/¢=2aley uay L1
8p09-ILag 1l
s !
'
[
l
11
|
l
2/\=4ieY UBD 8p0J | |
.................... :
|

€/1==a1e1 302 ||n4

IIIIIIIII U — |



U.S. Patent Oct. 25, 2016 Sheet 12 of 17 US 9,479,197 B2

/'280
4608 INFO 6912 PARITY CHECK

1728

FIG. 12



US 9,479,197 B2

Sheet 13 of 17

Oct. 25, 2016

U.S. Patent

£L DI
[ e e e e e - A
1 866 96¢— 1
l |
, 90€ . _
T < L/ SHq ed g2/ | o6~ |
s)1q 088z - _
| SHQ OJUl 261 G/z=aley | 1
| b0g ) uar) 8poy “
AN I/ “suq Aued gz/ | 9 I
B F'syq 0882 — 62 _
_ ~sIq ol g5} |PJOMaOpPOD !

: Iq ojul

i mw_%w_ﬂma 2da1o “
0lE | 208 m:w,_ O xnwoeq | S40esH |
fejag 1 nﬂa fred _
b fysieNd /™ Ts1iq 0882 D ,
A SIq oJul g1} _
80¢ I 00¢ B 1
ng : “syq Rued gz | :
! " Sq 0jul 251} :
| |
_ G/g=>a1el 8poa [n4 !
b e e e e e e e

06¢

S)g o
8097



U.S. Patent Oct. 25, 2016 Sheet 14 of 17 US 9,479,197 B2

/320
4608 INFO 6912 PARITY CHECK

1728




US 9,479,197 B2

Sheet 15 of 17

Oct. 25, 2016

U.S. Patent

Gl Ol
[ e e e e e e e —————
“ mmm) wmmJ I
|
| Ove ,
- L/ ~S1q Aed P4 %> I
TN ETTAT ) 1q Aed gz2 | ~ !
| - G/z=a1ey | I
nnnnnnnnnnnn uaL) spog |
" qwm a o |1
NN I suq Ajed I
's1q zg0v L sell DIOMPOS pee I oge
SUoil
I [suo niyed et M . G
| ze | MSMEND | || xnweq | swaoestLy Tsyg opu
1) XN\ S} OJul _moov
' SHq ZE0 roEe _
L syq Aued| | !
gpe- I Ope 82L1 |
ng " SHG Ul $0EZ “
: “Suq Aied 822 !
|

_ //z=2alel apoa [n4 1

e e e - = -]



U.S. Patent Oct. 25, 2016 Sheet 16 of 17 US 9,479,197 B2

f330
13824 PARITY CHECK




US 9,479,197 B2

Sheet 17 of 17

Oct. 25, 2016

U.S. Patent

%%

iy ~80¥
0SdS/aS oy =11 H0SS300Hd 21 "OId
Sis V1va
c_.vu A A
v1va
aSdS/asdi 96¢€ v6e
007~ ) )
__|yaxandicinwaa L |¥3a093a | _
868
olany
wLeIa| ) 8/¢
(414 268 88¢ 98¢ )
0y | \ \ \ %%%8
o_%fh N3 _|H0LYINC0AIA |, W31 e NOLLYIOSH B8} oo
Wa40 ONVEAIS|~ 7| "Gy
vy 4 I 08¢ | oqv
olany 8Ly
~—8¢ TINGOW
0NV NOLLISINDDY -
~{HoLvInaomw3a |
PSS D0TVNY

9/€

¢l€

HaINNL

174%



US 9,479,197 B2

1
METHOD AND APPARATUS FOR
TRANSMISSION AND RECEPTION OF
IN-BAND ON-CHANNEL RADIO SIGNALS
INCLUDING COMPLEMENTARY LOW
DENSITY PARITY CHECK CODING

CROSS REFERENCE TO A RELATED
APPLICATION

This application is a divisional application of U.S. patent
application Ser. No. 13/835,011, filed Mar. 15, 2013, and
titled “Method And Apparatus For Transmission And Recep-
tion Of In-Band On-Channel Radio Signals Including
Complementary Low Density Parity Coding”, which is
hereby incorporated by reference.

FIELD OF THE INVENTION

This invention relates to methods and apparatus for trans-
mission and reception of radio signals in a digital radio
broadcasting system.

BACKGROUND OF THE INVENTION

Digital radio broadcasting technology delivers digital
audio and data services to mobile, portable, and fixed
receivers. One type of digital radio broadcasting, referred to
as in-band on-channel (IBOC) digital audio broadcasting
(DAB), uses terrestrial transmitters in the existing Medium
Frequency (MF) and Very High Frequency (VHF) radio
bands. HD Radio™ technology, developed by iBiquity
Digital Corporation, is one example of an IBOC implemen-
tation for digital radio broadcasting and reception. IBOC
DAB signals can be transmitted in a hybrid format including
an analog modulated carrier in combination with a plurality
of digitally modulated carriers or in an all-digital format
wherein the analog modulated carrier is not used. Using the
hybrid mode, broadcasters may continue to transmit analog
AM and FM simultaneously with higher-quality and more
robust digital signals, allowing themselves and their listen-
ers to convert from analog-to-digital radio while maintaining
their current frequency allocations.

One feature of digital transmission systems is the inherent
ability to simultaneously transmit both digitized audio and
data. Thus the technology also allows for wireless data
services from AM and FM radio stations. The broadcast
signals can include metadata, such as the artist, song title, or
station call letters. Special messages about events, traffic,
and weather can also be included. For example, traffic
information, weather forecasts, news, and sports scores can
all be scrolled across a radio receiver’s display while the
user listens to a radio station.

The design provides a flexible means of transitioning to a
digital broadcast system by providing three new waveform
types: Hybrid, Extended Hybrid, and All-Digital. The
Hybrid and Extended Hybrid types retain the analog FM
signal, while the All-Digital type does not. All three wave-
form types conform to the currently allocated spectral emis-
sions mask.

The digital signal is modulated using Orthogonal Fre-
quency Division Multiplexing (OFDM). OFDM is a parallel
modulation scheme in which the data stream modulates a
large number of orthogonal subcarriers, which are transmit-
ted simultaneously. OFDM is inherently flexible, readily
allowing the mapping of logical channels to different groups
of subcarriers.
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2

The HD Radio system allows multiple services to share
the broadcast capacity of a single station. One feature of
digital transmission systems is the inherent ability to simul-
taneously transmit both digitized audio and data. Thus the
technology also allows for wireless data services from AM
and FM radio stations. First generation (core) services
include a Main Program Service (MPS) and the Station
Information Service (SIS). Second generation services,
referred to as Advanced Application Services (AAS),
include new information services providing, for example,
multicast programming, electronic program guides, naviga-
tion maps, traffic information, multimedia programming and
other content. The AAS Framework provides a common
infrastructure to support the developers of these services.
The AAS Framework provides a platform for a large number
of service providers and services for terrestrial radio. It has
opened up numerous opportunities for a wide range of
services (both audio and data) to be deployed through the
system.

The National Radio Systems Committee, a standard-
setting organization sponsored by the National Association
of Broadcasters and the Consumer Electronics Association,
adopted an IBOC standard, designated NRSC-5A, in Sep-
tember 2005. NRSC-5A, the disclosure of which is incor-
porated herein by reference, sets forth the requirements for
broadcasting digital audio and ancillary data over AM and
FM broadcast channels. The current version of the standard
is NRSC-5C, which is also hereby incorporated by refer-
ence. The standard and its reference documents contain
detailed explanations of the RF/transmission subsystem and
the transport and service multiplex subsystems.

SUMMARY

In a first aspect, the invention provides a method of
transmitting digital information, including: constructing
complementary low density parity check codewords by
generating a first codeword having a first code rate; and
partitioning the first codeword by assigning groups of bits of
the first codeword to four quarter-partitions, wherein each of
the quarter partitions includes bits in one half of one of four
independently decodable semi-codewords each having a
second code rate that is larger than the first code rate.

In another aspect, the invention provides a method includ-
ing: constructing complementary low density parity check
codewords by generating a first semi-codeword including
information bits and first parity bits; permuting and re-
encoding the information bits of the first semi-codeword to
produce second parity check bits and forming a second
semi-codeword including the information bits and second
parity bits; generating a third semi-codeword from the
information bits of the first semi-codeword plus a first half
of the parity bits from each of the first semi-codeword and
the second semi-codeword; and generating a fourth semi-
codeword from the information bits of the first semi-code-
word plus a second half of the parity bits from each of the
first semi-codeword and the second semi-codeword.

In another aspect, the invention provides a receiver for
receiving a digital radio signal. The receiver includes an
input for receiving a radio signal including at least one
carrier, the carrier being modulated by plurality of informa-
tion bits representing audio information and/or data encoded
in a composite codeword and a plurality of complementary
low density parity check codewords including a first code-
word having a first code rate; wherein the first codeword is
partitioned by in groups of bits of the first codeword in four
quarter-partitions, and wherein each of the quarter partitions
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includes bits in one half of one of four independently
decodable semi-codewords each having a second code rate
that is larger than the first code rate; and a processor for
producing an output signal in response to the received radio
signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is ablock diagram of a transmission system for use
in an in-band on-channel digital radio broadcasting system.

FIG. 2 is a schematic representation of a hybrid FM IBOC
waveform.

FIG. 3 is a schematic representation of another hybrid FM
IBOC waveform.

FIG. 4 is a schematic representation of another hybrid FM
IBOC waveform.

FIG. 5 is a diagram that illustrates a portion of the signal
processing in an FM IBOC transmitter.

FIG. 6 is a schematic representation of an example of
codeword partitioning.

FIG. 7 is a block diagram of an example of complemen-
tary low density parity check (CLDPC) forward error cor-
rection (FEC) signal flow.

FIG. 8 is a schematic representation of another example
of codeword partitioning.

FIG. 9 is a block diagram of another example of CLDPC
FEC signal flow.

FIG. 10 is a schematic representation of another example
of codeword partitioning.

FIG. 11 is a block diagram of another example of CLDPC
FEC signal flow.

FIG. 12 is a schematic representation of another example
of codeword partitioning.

FIG. 13 is a block diagram of another example of CLDPC
FEC signal flow.

FIG. 14 is a schematic representation of another example
of codeword partitioning.

FIG. 15 is a block diagram of another example of CLDPC
FEC signal flow.

FIG. 16 is a schematic representation of another example
of codeword partitioning.

FIG. 17 is a functional block diagram of an FM IBOC
DAB receiver.

DETAILED DESCRIPTION

Referring to the drawings, FIG. 1 is a functional block
diagram of the relevant components of a studio site 10, an
FM transmitter site 12, and a studio transmitter link (STL)
14 that can be used to broadcast an FM IBOC signal. The
studio site includes, among other things, studio automation
equipment 34, an Ensemble Operations Center (EOC) 16
that includes an importer 18, an exporter 20, an exciter
auxiliary service unit (EASU) 22, and an STL transmitter 48.
The transmitter site includes an STL receiver 54, a digital
exciter 56 that includes an exciter engine (exgine) subsystem
58, and an analog exciter 60. While in FIG. 1 the exporter
is resident at a radio station’s studio site and the exciter is
located at the transmission site, these elements may be
co-located at the transmission site.

At the studio site, the studio automation equipment sup-
plies main program service (MPS) audio 42 to the EASU,
MPS data 40 to the exporter, supplemental program service
(SPS) audio 38 to the importer, and SPS data 36 to the
importer. MPS audio serves as the main audio programming
source. In hybrid modes, it preserves the existing analog
radio programming formats in both the analog and digital
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4

transmissions. MPS data, also known as program service
data (PSD), includes information such as music title, artist,
album name, etc. Supplemental program service can include
supplementary audio content as well as program associated
data.

The importer contains hardware and software for supply-
ing advanced application services (AAS). A “service” is
content that is delivered to users via an IBOC broadcast, and
AAS can include any type of data that is not classified as
MPS, SPS, or Station Information Service (SIS). SIS pro-
vides station information, such as call sign, absolute time,
position correlated to GPS, etc. Examples of AAS data
include real-time traffic and weather information, navigation
map updates or other images, electronic program guides,
multimedia programming, other audio services, and other
content. The content for AAS can be supplied by service
providers 44, which provide service data 46 to the importer
via an application program interface (API). The service
providers may be a broadcaster located at the studio site or
externally sourced third-party providers of services and
content. The importer can establish session connections
between multiple service providers. The importer encodes
and multiplexes service data 46, SPS audio 38, and SPS data
36 to produce exporter link data 24, which is output to the
exporter via a data link.

The exporter 20 contains the hardware and software
necessary to supply the main program service and SIS for
broadcasting. The exporter accepts digital MPS audio 26
over an audio interface and compresses the audio. The
exporter also multiplexes MPS data 40, exporter link data
24, and the compressed digital MPS audio to produce exciter
link data 52. In addition, the exporter accepts analog MPS
audio 28 over its audio interface and applies a pre-pro-
grammed delay to it to produce a delayed analog MPS audio
signal 30. This analog audio can be broadcast as a backup
channel for hybrid IBOC broadcasts. The delay compensates
for the system delay of the digital MPS audio, allowing
receivers to blend between the digital and analog program
without a shift in time. In an AM transmission system, the
delayed MPS audio signal 30 is converted by the exporter to
a mono signal and sent directly to the STL as part of the
exciter link data 52.

The EASU 22 accepts MPS audio 42 from the studio
automation equipment, rate converts it to the proper system
clock, and outputs two copies of the signal, one digital (26)
and one analog (28). The EASU includes a GPS receiver that
is connected to an antenna 25. The GPS receiver allows the
EASU to derive a master clock signal, which is synchro-
nized to the exciter’s clock by use of GPS units. The EASU
provides the master system clock used by the exporter. The
EASU is also used to bypass (or redirect) the analog MPS
audio from being passed through the exporter in the event
the exporter has a catastrophic fault and is no longer
operational. The bypassed audio 32 can be fed directly into
the STL transmitter, eliminating a dead-air event.

STL transmitter 48 receives delayed analog MPS audio 50
and exciter link data 52. It outputs exciter link data and
delayed analog MPS audio over STL link 14, which may be
either unidirectional or bidirectional. The STL link may be
a digital microwave or Ethernet link, for example, and may
use the standard User Datagram Protocol or the standard
TCP/IP.

The transmitter site includes an STL receiver 54, an
exciter 56 and an analog exciter 60. The STL receiver 54
receives exciter link data, including audio and data signals
as well as command and control messages, over the STL link
14. The exciter link data is passed to the exciter 56, which
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produces the IBOC waveform. The exciter includes a host
processor, digital up-converter, RF up-converter, and exgine
subsystem 58. The exgine accepts exciter link data and
modulates the digital portion of the IBOC waveform. The
digital up-converter of exciter 56 converts from digital-to-
analog the baseband portion of the exgine output. The
digital-to-analog conversion is based on a GPS clock, com-
mon to that of the exporter’s GPS-based clock derived from
the EASU. Thus, the exciter 56 includes a GPS unit and
antenna 57. The RF up-converter of the exciter up-converts
the analog signal to the proper in-band channel frequency.
The upconverted signal is then passed to the high power
amplifier 62 and antenna 64 for broadcast. In an AM
transmission system, the exgine subsystem coherently adds
the backup analog MPS audio to the digital waveform in the
hybrid mode; thus, the AM transmission system does not
include the analog exciter 60. In addition, the exciter 56
produces phase and magnitude information and the analog
signal is output directly to the high power amplifier.

Signal processing in both transmitters and receivers of an
IBOC radio system can be implemented using a multi-layer
logical protocol stack. An example of a logical protocol
stack is shown in U.S. Pat. No. 8,111,716, which is hereby
incorporated by reference. The signal processing described
in FIG. 5 below can be performed in Layer 1 (i.e., the
physical layer) of the logical protocol stack.

IBOC signals can be transmitted in both AM and FM
radio bands, using a variety of waveforms. The waveforms
include an FM hybrid IBOC waveform, an FM all-digital
IBOC waveform, an AM hybrid IBOC waveform, and an
AM all-digital IBOC waveform.

FIG. 2 is a schematic representation of a hybrid FM IBOC
waveform 70. The waveform includes an analog modulated
signal 72 located in the center of a broadcast channel 74, a
first plurality of evenly spaced orthogonally frequency divi-
sion multiplexed subcarriers 76 in an upper sideband 78, and
a second plurality of evenly spaced orthogonally frequency
division multiplexed subcarriers 80 in a lower sideband 82.
The digitally modulated subcarriers are divided into parti-
tions and various subcarriers are designated as reference
subcarriers. A frequency partition is a group of 19 OFDM
subcarriers containing 18 data subcarriers and one reference
subcarrier.

The hybrid waveform includes an analog FM-modulated
signal, plus digitally modulated primary main subcarriers.
The subcarriers are located at evenly spaced frequency
locations. The subcarrier locations are numbered from -546
to +546. In the waveform of FIG. 2, the subcarriers are at
locations +356 to +546 and -356 to -546. Each primary
main sideband is comprised of ten frequency partitions.
Subcarriers 546 and -546, also included in the primary main
sidebands, are additional reference subcarriers. The ampli-
tude of each subcarrier can be scaled by an amplitude scale
factor.

FIG. 3 is a schematic representation of an extended hybrid
FM IBOC waveform 90. The extended hybrid waveform is
created by adding primary extended sidebands 92, 94 to the
primary main sidebands present in the hybrid waveform.
One, two, or four frequency partitions can be added to the
inner edge of each primary main sideband. The extended
hybrid waveform includes the analog FM signal plus digi-
tally modulated primary main subcarriers (subcarriers +356
to +546 and -356 to -546) and some or all primary extended
subcarriers (subcarriers +280 to +355 and -280 to -355).

The upper primary extended sidebands include subcarri-
ers 337 through 355 (one frequency partition), 318 through
355 (two frequency partitions), or 280 through 355 (four
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frequency partitions). The lower primary extended side-
bands include subcarriers -337 through -355 (one fre-
quency partition), =318 through -355 (two frequency par-
titions), or =280 through -355 (four frequency partitions).
The amplitude of each subcarrier can be scaled by an
amplitude scale factor.

FIG. 4 is a schematic representation of an extended hybrid
FM IBOC waveform 100. The extended hybrid waveform is
created by adding primary extended sidebands 102, 104 to
the primary main sidebands present in the hybrid waveform.
One, two, or four frequency partitions can be added to the
inner edge of each primary main sideband. The extended
hybrid waveform includes the analog FM signal plus digi-
tally modulated primary main subcarriers (subcarriers +356
to +546 and -356 to -546) and some or all primary extended
subcarriers (subcarriers +318 to +355 and -318 to -355).

The upper primary extended sidebands include subcarri-
ers 337 through 355 (one frequency partition), or 318
through 355 (two frequency partitions). The lower primary
extended sidebands include subcarriers =337 through -355
(one frequency partition), or =318 through -355 (two fre-
quency partitions). The amplitude of each subcarrier can be
scaled by an amplitude scale factor.

In each of the waveforms of FIGS. 2-4, the digital signal
is modulated using orthogonal frequency division multiplex-
ing (OFDM). OFDM is a parallel modulation scheme in
which the data stream modulates a large number of orthogo-
nal subcarriers, which are transmitted simultaneously.
OFDM is inherently flexible, readily allowing the mapping
of logical channels to different groups of subcarriers.

In the illustrated hybrid waveforms, the digital signal is
transmitted on a plurality of subcarriers in sidebands on
either side of the analog FM signal. The power level of each
sideband is appreciably below the total power in the analog
FM signal. The analog signal may be monophonic or stereo,
and may include subsidiary communications authorization
(SCA) channels.

A Forward Error Correction (FEC) technique for an IBOC
(In-Band On-Channel) digital radio system is presented
here. This FEC code is referred to as Complementary
Low-Density Parity Check (CLDPC) coding. The CLDPC
coding is designed to accommodate the likely interference
scenarios encountered in the IBOC broadcast channel.

Low Density Parity Check codes are a type of large block
forward error correction (FEC) code. Because of their large
size (typically many thousands of bits in each codeword),
their error-correcting performance can approach the theo-
retical (Shannon) limit. It has been well-known that very
large codes can approach this theoretical performance limit,
but common techniques of encoding and decoding these
codes were believed to be impractical before a few decades
ago, when a practical iterative decoding technique for a
specially constructed LDPC code was discovered. This
suboptimum iterative decoding technique was based on
“belief propagation”, and the complexity was dramatically
reduced by requiring a sparse parity check matrix along with
some rules to ensure that all input information bits were
sufficiently represented in the sparse parity checks. It is now
well-known that this LDPC code with its construction
restrictions, low-density, and simple suboptimum iterative
decoding rules can still achieve performance near the theo-
retical limits. The performance and iterative nature of LDPC
codes is similar to another class of iterative convolutional
codes called “Turbo Codes”.

LDPC codes are developed using various methods. There
are regular and irregular LDPC codes created using various
construction techniques. There are systematic and nonsys-
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tematic LDPC codes, where systematic codes contain all the
original information bits in the codeword, as well as addi-
tional parity check code bits, and nonsystematic LDPC
codes are comprised of only parity check code bits. Less
common, an LDPC code can be constructed as a convolu-
tional code, and can be terminated as a block, and decoded
using a tail-biting termination. The convolutional LDPC
code has similar performance to the block code, but is
somewhat more flexible in the size of the coded block, as it
can be terminated at an almost arbitrary size. The LDPC,
block code size is fixed for each code (parity check matrix),
whereas the convolutional LDPC code size can be termi-
nated at different lengths without changing the generator
(parity checks), All of these LDPC, code construction meth-
ods can be applicable to the CLDPC code described herein.

Both frequency and time diversity can be exploited in the
IBOC transmitted signal to yield high performance in the
presence of interference or fading. The digital signal modu-
lation technique is coded orthogonal frequency division
multiplexing (COFDM). This technique places a number of
narrowband subcarriers on either end of the channel band-
width, resulting in a Lower Sideband (LSB) and an Upper
Sideband (USB). For time diversity, the information that is
transmitted on the IBOC signal is divided into a Main
channel and a Backup channel. The Main and Backup
channels are separated in time. For frequency diversity, the
Main and Backup channel information is transmitted on
subcarriers in both the Lower and Upper Sidebands.

Since either the LSB or USB can be corrupted by a first
adjacent signal (due to spectral crowding and frequency
allocations in adjacent cities), the code used to transmit the
Main and Backup channel information should permit suffi-
cient decoding on one sideband when the other is corrupted.
The same information is carried on each sideband, although
they each use half of the CLDPC block code, and the
corrupted half is effectively punctured. The half-size block
code on each sideband is defined as a semi-codeword. The
initial C in CLDPC refers to the complementary properties
of the pair of semi-codewords comprising a composite
CLDPC codeword. So each semi-codeword must also be a
good LDPC code on its own. When both sidebands are
available, the composite CLDPC codeword is more power-
ful than the semi-codewords. The full CLDPC code span-
ning both sidebands has a 3-dB energy advantage over one
sideband, plus additional coding gain if the semi-codewords
are not exact duplicates. Of course, sideband diversity gain
is also an advantage in nonuniform interference, as well as
frequency selective fading.

Time diversity can also be exploited to improve perfor-
mance in fading and accommodate short signal blockages
(e.g., traveling under a bridge). Time diversity is partially
accomplished through block interleaving. However, some
additional advantages are realized if the CLDPC code is
again segmented into two or more semi-codewords. One
semi-codeword (representing the Main channel information,
defined as the Main semi-codeword, and abbreviated as M)
is transmitted first with a relatively long interleaver, while
the second semi-codeword (representing the Backup chan-
nel information, defined as the Backup semi-codeword, and
abbreviated as B) is transmitted after several seconds with a
shorter interleaver. This short interleaver should be on the
order of 100 msec (instead of several seconds) to minimize
tuning time and accommodate fast acquisition on the backup
channel. This time diversity offers improved performance in
fading, where both Main and Backup semi-codewords are
less likely to be simultaneously corrupted. It also provides
protection when losing the signal while a car is traveling
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under a bridge. A complete signal outage of less than the
duration of the diversity delay can be tolerated. Additional
semi-codewords L (representing information to be transmit-
ted on the lower sideband) and U (representing information
to be transmitted on the upper sideband) are described
below.

The basic requirements for the CLDPC code include the
ability to separate the original code in various, possibly
overlapping, code partitions, where each partition comprises
a semi-codeword. Semi-codewords are defined as Main,
Backup, Lower and Upper (referred to herein as M, B, L. and
U partitions). Overlapping code partitions are code parti-
tions that include at least some common bits. Each of the
partitions must survive as a good code.

It is important to optimize the performance of the Main
and Backup partitions as a pair of approximately symmetric,
complementary non-overlapping partitions. Non-overlap-
ping partitions are partitions that do not contain common
bits. It is also important to optimize the performance of the
Lower and Upper Sidebands as a pair of approximately
symmetric, complementary non-overlapping partitions
when both sidebands are used.

Of course, all code partitions should be noncatastrophic
codes.

In one embodiment, the CLDPC codes can be created
through partitioning of a longer (lower rate, e.g., R=15)
LDPC code. However, it is also possible to Create this lower
rate code by constructing it from shorter (higher rate) codes,
to ensure that it can be partitioned. The FEC code requires
appropriate puncture patterns to provide good results. The
puncture pattern would provide code bits for the upper
sideband and lower sideband complementary components.
Each sideband is required to provide a good quality code in
the case of the other sideband being corrupted. The code
must also be partitioned for diversity with Main and Backup
components. Each complementary component will be coded
using a higher rate (e.g., rate %3) code, producing a lower
combined code rate (of %3, for example).

The FEC puncture pattern is distributed between a Main
channel and a Backup channel. The Backup channel is used
for fast tuning and provides time diversity to mitigate the
effects of intermittent blockages. FIG. 5 is a diagram that
illustrates a portion of the signal processing in an FM IBOC
transmitter. Audio and data information are input as illus-
trated by arrow 110. This information is assembled into
frames of audio packets and data as shown in block 112.
Reference carriers (as described in U.S. Pat. No. 7,305,056
for “Coherent Tracking For FM In-Band On-Channel
Receivers™) are generated as shown in block 114 and syn-
chronized with the audio and data frames. The information
in the audio and data frames can be scrambled as shown in
block 116, and optionally encoded and interleaved as shown
in block 118 (if an outer code such as a Reed Solomon code
is desired). This produces k information (plus optional RS)
bits/codeword that are input to CLDPC encoder 120.

The CLDPC encoder processes the incoming bits to
produce a plurality of semi-codewords having n bits/code-
word. These CLDPC semi-codewords represent information
to be transmitted on main M and backup B partitions, as well
as the U and L partitions.

Groups of bits of the semi-codeword are assigned to a
backup upper quarter-partition BU, a backup lower quarter-
partition BL, a main upper quarter-partition MU and a main
lower quarter-partition ML. Bits in the lower quarter-parti-
tions are to be transmitted on subcarriers in the lower
sideband of the IBOC signal and bits in the upper quarter-
partitions are to be transmitted on subcarriers in the upper
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sideband of the IBOC signal. The upper backup and lower
backup quarter-partitions are delayed 122 with respect to the
upper main and lower main quarter-partitions, and inter-
leaved as shown in block 124. The interleaved BL quarter-
partition is mapped 126 to OFDM subcarriers in a lower
sideband of the in-band on-channel radio signal, and the
interleaved BU information is mapped 128 to OFDM sub-
carriers in an upper sideband of the in-band on-channel radio
signal.

The main information is interleaved as shown in block
130. The interleaved ML quarter-partition is mapped 126 to
OFDM subcarriers in a lower sideband of the in-band
on-channel radio signal, and the interleaved MU quarter-
partition is mapped 128 to OFDM subcarriers in an upper
sideband of the in-band on-channel radio signal. The lower
sideband symbols are then delivered on lines 132 and the
upper sideband symbols are delivered on lines 134. The
subcarriers are modulated and subject to peak-to-average
power ratio reduction as shown in block 136 to produce a
signal on line 138 that can be upconverted for transmission
as an in-band on-channel radio signal, using for example, the
transmitter shown in FIG. 1.

A CLDPC composite codeword is partitioned into inde-
pendently-decodable “semi-codewords”. The semi-code-
words are separated into quarter-partitions where corruption
due to interference and fading is typically uncorrelated. This
is preferred over random interleaving (no partitioning)
because semi-codewords are also good LDPC codes. Soft-
decision decoding can be used for the entire codeword,
while corrupted components are appropriately weighted or
erased.

This allows decoding under most likely impaired condi-
tions leaving at least one viable semi-codeword. The com-
posite codeword has additional energy and coding gain
when both semi-codewords are available.

There are generally 2 techniques for creating the CLDPC
code. The first technique starts with a low-rate codeword
(e.g., R=V5). This low-rate codeword is then partitioned into
semi-codewords (which can be designated as [, U, M and B)
such that the semi-codewords (e.g., R=24) are independently
decodable with “good” performance. Groups of bits of the
semi-codewords are then assigned to 4 quarter-partitions:
BL, BU, ML and MU, where L=BL+ML, U=BU+MU,
M=ML+MU, and B=BL+BU. Since the semi-codewords are
not generally systematic, performance of the semi-code-
words should be checked. This technique should result in
CLDPC codes having the highest combined performance,
but with semi-codewords that may not be optimum because
they are restricted by partitioning. Systematic CLDPC codes
contain the information bits in each codeword, whereas
nonsystematic CLDPC codes are comprised only of parity
check bits. The performance of semi-codewords can be
checked using, for example, a computer search.

The second technique starts by generating a B semi-
codeword. The same information bits are then permuted and
re-encoded to produce new parity check bits to form a
complementary M semi-codeword. An [ semi-codeword is
then generated from the original information bits plus half of
the parity bits from each B and M. Next, a U semi-codeword
can be generated from the original information bits plus the
remaining half of the parity bits, or just parity bits for a
nonsystematic code. Then performance of L and U is veri-
fied, and parity bits are repartitioned if performance is not
acceptable. This should result in CLDPC codewords having
the highest semi-codeword performance for B and M, but
the combined performance is not optimum because the
information bits occur twice. Construction techniques used
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to create L. and U can be swapped with techniques for
creating B and M if single-sideband corruption is more
likely than temporal outages. Systematic CLDPC codes
contain the information bits in each codeword, whereas
nonsystematic CLDPC codes are comprised only of parity
check bits

FIG. 6 is a schematic representation of an example of
codeword partitioning of a rate 4 CLDPC code using
Technique 1. In this example, a codeword 150 includes 4608
information bits and 9216 parity check bits. The information
bits are divided into four groups of 1152 bits each. The parity
bits are divided Into four groups of 2304 bits each. One of
the groups of information bits and one of the groups of parity
check bits are mapped to each BL (backup lower), BU
(backup upper), ML (main lower) and MU (main upper)
quarter-partition. The bits are selected such that they form
nonsystematic rate %3 non-catastrophic semi-codewords
identified as bits encompassed by ovals 152, 154, 156 and
158. These semi-codewords can be transmitted in the in-
band on-channel radio signal illustrated in FIG. 4, which
includes 84-kHz upper and lower sidebands, each having
229 subcarriers. The information throughput is approxi-
mately 100 kbps. The semi-codewords can be combined at
a receiver to produce a composite rate %3 codeword. In this
example, semi-codeword L includes one half of the bits of
each of semi-codewords B and M, and semi-codeword U
includes the other half of the bits of each of semi-codewords
B and M.

FIG. 6 also shows 2-dimensional overlapping codeword
partitioning. Frequency diversity is provided by the upper
and lower sidebands, that transmit semi-codewords U and L.
Time diversity is provided by Main/Backup semi-codewords
M and B. BL, BU, ML and MU represent overlapped
quarter-partitions. Each quarter-partition contains half of 2
semi-codewords. Each codeword bit is assigned to BL, BU,
ML or MU. The composite codewords are composed of
semi-codewords as: B=BL+BU, M=ML+MU, L=BL+ML,
and U=BU+MU. Semi-codeword B can be transmitted after
M with about a 4 sec diversity delay. The semi-codeword B
is comprised of BLL and BU.

FIG. 7 is a block diagram of an example of CLDPC
forward error correction (FEC) signal flow. In this example,
4608 information bits are input on line 160 and are encoded
using a rate Y5 code generator 162 to produce a CLDPC
codeword having 13824 bits on line 164. The CLDPC
codeword is demultiplexed 166 to produce the four groups
of information bits and parity check bits illustrated in FIG.
6. These four groups of bits are multiplexed 168 to produce
four groups of bits on lines 170, 172, 174 and 176 that are
mapped to the BL, BU, ML and MU quarter-partitions.
Diversity delays 178 and 180 are added to the bits for the BU
and BL partitions.

FIG. 8 is a schematic representation of another example
of codeword partitioning using a rate %2 CLDPC code (plus
redundant information bits) using technique 2. In this
example, a codeword 190 includes 4608 information bits
and 4608 parity check bits. The information bits are divided
into two groups of 2304 bits each. The parity bits are divided
into four groups of 1152 bits each. One of the groups of
information bits and one of the groups of parity check bits
are mapped to each BL, BU, ML and MU quarter-partitions.
Notice that the two groups of 2304 information bits are each
redundantly mapped to two quarter-partitions. The bits are
selected and mapped such that they form systematic rate 24
non-catastrophic semi-codewords identified as bits encom-
passed by ovals 192, 194, 196 and 198. These semi-code-
words can be transmitted in the in-band on-channel radio
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signal illustrated in FIG. 4, which includes 84 kHz upper and
lower sidebands, each having 229 subcarriers. The informa-
tion throughput is approximately 100 kbps. The semi-code-
words can be combined at a receiver to produce a composite
rate Y3 codeword.

FIG. 9 is a block diagram of an example of CLDPC
forward error correction (FEC) signal flow. In this example,
4608 information bits are input on line 200 and are encoded
using a rate Y2 code generator 202 to produce a CLDPC
codeword having 9216 bits on line 204. The CLDPC code-
word is demultiplexed 206 to produce the four groups of
information bits and parity check bits illustrated in FIG. 8.
These four groups of bits are multiplexed into quarter
partitions 208 to produce four groups of bits on lines 210,
212, 214 and 216 that are mapped to the BL, BU, ML and
MU quarter-partitions. Diversity delays 218 and 220 are
added to the bits for the BU and BL quarter-partitions.

FIG. 10 is a schematic representation of another example
of codeword partitioning using a rate %2 CLDPC code. This
is very similar to the codeword partitioning of FIG. 8, except
in the way that the parity bits are generated. We start by
generating an R=%3 CLDPC codeword, and then create a
second CLDPC codeword by simply permuting the infor-
mation bits to form a new set of parity check bits. This
results in a second R=253 CLDPC codeword with redundant
information bits. The result is nearly the same as the
partitioning of FIG. 8. The advantage here is that we need to
define only a single good R=%4 LDPC code, since the second
codeword is created through permutation of the replicated
information bits. In this example, a codeword 230 includes
4608 information bits and two groups of 2304 parity check
bits. The information bits are divided into two groups of
2304 bits each. The parity bits are divided into four groups
of 1152 bits each. One of the groups of information bits and
one of the groups of parity check bits are mapped to each
BL, BU, ML and MU quarter-partitions. Notice that the two
groups of 2304 information bits are each redundantly
mapped to two quarter-partitions. The bits are selected such
that they form systematic rate %5 non-catastrophic semi-
codewords identified as bits encompassed by ovals 232, 234,
236 and 238. These semi-codewords can be transmitted in
the in-band on-channel radio signal illustrated in FIG. 4,
which includes 84 kHz upper and lower sidebands, each
having 229 subcarriers. The information throughput is
approximately 100 kbps. The semi-codewords can be com-
bined at a receiver to produce a composite rate %4 codeword.

FIG. 11 is a block diagram of an example of CLDPC
forward error correction (FEC) signal flow. In this example,
4608 information bits are input on line 250 and are encoded
using a rate %5 code generator 252 to produce a CLDPC
codeword having 6912 bits on line 254. The information bits
are also permutated as shown in block 256 and encoded
using the %3 code generator to produce 2304 parity bits on
line 258 (the information bits are not used). The CLDPC
codeword and parity bits are demultiplexed 260 to produce
the four groups of information bits and parity check bits
illustrated in FIG. 10. These four groups of bits are multi-
plexed into quarter partitions 262 to produce four groups of
bits on lines 264, 266, 268 and 270 that are mapped to the
BL, BU, ML and MU quarter-partitions. Diversity delays
272 and 274 are added to the bits for the BU and BL
partitions.

FIG. 11 starts with one systematic semi-codeword (e.g.,
B, R=24), permutes the same information bits, and re-
encodes them to produce new parity check bits. Using the
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same information bits with these parity bits forms the
complementary semi-codeword M, where B is the comple-
ment of M.

FIG. 12 is a schematic representation of another example
of codeword partitioning using Technique 1 and a rate %
CLDPC code. It is similar to the partitioning of FIG. 6,
except that it generates a higher rate CLDPC code (R=%5
instead of R=V4) which is more spectrally efficient. In this
example, a codeword 280 includes 4608 information bits
and 6912 parity check bits. The information bits are divided
into four groups of 1152 bits each. The parity bits are divided
into four groups of 1728 bits each. One of the groups of
information bits and one of the groups of parity check bits
are mapped to each BL, BU, MLL and MU quarter-partition.
The bits are selected such that they form nonsystematic rate
4 non-catastrophic semi-codewords identified as bits
encompassed by ovals 282, 284, 286 and 288. These semi-
codewords can be transmitted in the in-band on-channel
radio signal illustrated in FIG. 2, which includes 70-kHz
upper and lower sidebands, each having 191 subcarriers.
The information throughput is approximately 100 kbps. The
semi-codewords can be combined at a receiver to produce a
composite rate %5 codeword.

FIG. 13 is a block diagram of an example of CLDPC
forward error correction (FEC) signal flow. In this example,
4608 information bits are input on line 290 and are encoded
using a rate %5 code generator 292 to produce a CLDPC
codeword having 11520 bits on line 294. The CLDPC
codeword is demultiplexed 296 to produce the four groups
of information bits and parity check bits illustrated in FIG.
12. These four groups of bits are multiplexed into quarter
partitions 298 to produce four groups of bits on lines 300,
302, 304 and 306 that are mapped to the BL, BU, ML and
MU quarter-partitions. Diversity delays 308 and 310 are
added to the bits for the BU and BL quarter-partitions.

FIG. 14 is a schematic representation of another example
of codeword partitioning using Technique 2 and a rate %
LDPC code. It is similar to the partitioning of FIG. 8, except
that it generates a lower-rate CLDPC code. In this example,
a codeword 320 includes 4608 information bits and 6912
parity check bits. The information bits are divided into two
groups of 2304 bits each, which are replicated to produce
four groups of 2304 bits each. The parity bits are divided
into four groups of 1728 bits each. One of the groups of
information bits and one of the groups of parity check bits
are mapped to each BL, BU, ML and MU quarter-partitions.
The bits are selected such that they form systematic rate 47
non-catastrophic semi-codewords identified as bits encom-
passed by ovals 322, 324, 326 and 328. These semi-code-
words can be transmitted in the in-band on-channel radio
signal illustrated in FIG. 3, which includes 98-kHz upper
and lower sidebands, each having 267 subcarriers. The
information throughput is approximately 100 kbps. The
semi-codewords can be combined at a receiver to produce a
composite rate 27 codeword. As an alternative embodiment,
the partitioning can start with a rate 4% code and the
information bits can be permuted to produce additional
parity bits, in the same manner as shown in FIG. 10 and FIG.
11.

FIG. 15 is a block diagram of an example of CLDPC
forward error correction (FEC) signal flow. In this example,
4608 information bits are input on line 330 and are encoded
using a rate %5 code generator 332 to produce a CLDPC
codeword having 11520 bits on line 334. The CLDPC
codeword is demultiplexed 336 to produce the four groups
of information bits and parity check bits illustrated in FIG.
14. These four groups of bits are multiplexed into quarter
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partitions 338 to produce four groups of bits on lines 340,
342, 344 and 346 that are mapped to the BL, BU, ML and
MU quarter-partitions. Diversity delays 348 and 350 are
added to the bits for the BU and BL quarter-partitions.

FIG. 16 is similar to FIG. 6, except that it uses a
nonsystematic CLDPC code where the information bits in
the codeword are replaced by parity check code bits. FIG. 16
is a schematic representation of an example of codeword
partitioning of a rate /4 CLDPC code using Technique 1. In
this example, a codeword 320 includes 13824 parity check
bits. The parity bits are divided into four groups of 3456 bits
each. One of the groups of parity check bits is mapped to
each BL (backup lower), BU (backup upper), ML (main
lower) and MU (main upper) partitions. The bits are selected
such that they form nonsystematic rate 24 non-catastrophic
semi-codewords identified as bits encompassed by ovals
322, 324, 326 and 328. These semi-codewords can be
transmitted in the in-band on-channel radio signal illustrated
in FIG. 4, which includes 84-kHz upper and lower side-
bands, each having 229 subcarriers. The information
throughput is approximately 100 kbps. The semi-codewords
can be combined at a receiver to produce a composite rate
V5 codeword. In this example, semi-codeword L includes
one half of the bits of each of semi-codewords B and M, and
semi-codeword U includes the other half of the bits of each
of semi-codewords B and M.

FIG. 16 also shows 2-dimensional overlapping codeword
partitioning. Frequency diversity is provided by the upper
and lower sidebands, that transmit semi-codewords U and L.
Time diversity is provided by Main/Backup semi-codewords
M and B. BL, BU, ML and MU represent overlapped
quarter-partitions. Each quarter-partition contains half of 2
semi-codewords. Each codeword bit is assigned to BL, BU,
ML or MU. The composite codewords are composed of
semi-codewords as: B=BL+BU, M=ML+MU, L=BL+ML,
and U=BU+MU. Semi-codeword B can be transmitted after
M with about a 4 sec diversity delay. The semi-codeword B
is comprised of BLL and BU.

Table 1 summarizes the example LDPC codes used in the
various embodiments described above.

TABLE 1
Comparison of Potential LDPC Codes

Bandwidth

and Full Code Semi-  Systematic

information code Gen code semi-
Option bit rate rate rate rate codewords*
1 84 kHz 1/3 1/3 2/3 No

99.2 kbps
2 84 kHz 1/3 12 2/3 Yes

99.2 kbps
2a 84 kHz 1/3 /2% 2/3 Yes

99.2 kbps
3 70 kHz 2/5 2/5 4/5 No

99.2 kbps
4 98 kHz 2/7 2/5 4/7 Yes

99.2 kbps

*Systematic semi-codewords result in redundant information bits in the full code. The
encoder replicates these redundant information bits, and the decoder combines redundant
information soft-bits before decoding. Then the code generator rate is greater than the full
code rate because of this redundancy.
**Rate-1/2 code generated using rate-2/3 generator with information-bit permutation and
subsequent removal of 1 set of information bits

FIG. 17 is a simplified functional block diagram of an FM
IBOC receiver 370. The receiver includes an input 372
connected to an antenna 374 and a tuner or front end 376. A
received signal is provided to an analog-to-digital converter

and digital down converter 378 to produce a baseband signal
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at output 380 comprising a series of complex signal samples.
The signal samples are complex in that each sample com-
prises a “real” component and an “imaginary” component,
which is sampled in quadrature to the real component. An
analog demodulator 382 demodulates the analog modulated
portion of the baseband signal to produce an analog audio
signal on line 384. The digitally modulated portion of the
sampled baseband signal is next filtered by sideband isola-
tion filter 386, which has a pass-band frequency response
comprising the collective set of subcarriers f,-f, present in
the received OFDM signal. Filter 388 suppresses the effects
of a first-adjacent interferer. Complex signal 418 is routed to
the input of acquisition module 416, which acquires or
recovers OFDM symbol timing offset, or error and carrier
frequency offset or error from the received OFDM symbols
as represented in the received complex signal. Acquisition
module 416 develops a symbol timing offset At and carrier
frequency offset Af, as well as status and control informa-
tion. The signal is then demodulated (block 392) to demodu-
late the digitally modulated portion of the baseband signal.
Then the digital signal is deinterleaved by a deinterleaver
394, and decoded by a Viterbi decoder 396. A service
demultiplexer 398 separates main and supplemental pro-
gram signals from data signals. A processor 4002 processes
the main and supplemental program signals to produce a
digital audio signal on line 402. The analog and main digital
audio signals are blended as shown in block 404, or the
supplemental program signal is passed through, to produce
an audio output on line 406. A data processor 408 processes
the data signals and produces data output signals on lines
410, 412 and 414. The data signals can include, for example,
a station information service (SIS), main program service
data (MPSD), supplemental program service data (SPSD),
and one or more advanced application services (AAS).

In practice, many of the signal processing functions
described above, as well as the functions of the transmitter
and receiver can be implemented using one or more pro-
cessors or other components. Such components may include
integrated circuits. As used herein, the term processor
includes one or more processors or other components that
are programmed or otherwise configured to perform the
described functions.

The embodiments described above relate the use of
complementary low density parity check codes in an FM
IBOC radio system. However, it should be understood that
the complementary low density parity check codes can also
be used in or with an AM IBOC radio system, a single carrier
radio signal, or other digital signals.

While the present invention has been described in terms
of several embodiments, it will be understood by those
skilled in the art that various modifications can be made to
the described embodiments without departing from the
scope of the invention as set forth in the claims.

What is claimed is:

1. A method comprising:

constructing complementary low density parity check
codewords by generating a first codeword having a first
code rate; and

partitioning the first codeword by assigning groups of bits
of the first codeword to four quarter-partitions, wherein
each of the quarter partitions includes bits in one half
of one of four independently decodable semi-code-
words each having a second code rate that is larger than
the first code rate.

2. The method of claim 1, wherein the first codeword

comprises information bits and parity check bits, and
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wherein the groups of bits assigned to each of the four
quarter-partitions include a group of the information bits and
a group of the parity bits.
3. The method of claim 1, further comprising:
transmitting bits of first and second ones of the four
quarter-partitions on subcarriers in a lower sideband of
an in-band on-channel signal; and
transmitting bits of and third and fourth ones of the four
quarter-partitions on subcarriers in an upper sideband
of the in-band on-channel signal.
4. The method of claim 1, wherein the first codeword
comprises a systematic codeword.
5. The method of claim 1, wherein the first codeword
comprises a non-systematic codeword.
6. The method of claim 1, further comprising:
performance checking the semi-codewords; and
repartitioning the first codeword if the semi-codewords do
not meet predetermined performance criteria.
7. A method comprising:
constructing complementary low density parity check
codewords by generating a first semi-codeword includ-
ing information bits and first parity bits;
permuting and re-encoding the information bits of the first
semi-codeword to produce second parity check bits and
forming a second semi-codeword including the infor-
mation bits and second parity bits;
generating a third semi-codeword from the information
bits of the first semi-codeword plus a first half of the
parity bits from each of the first semi-codeword and the
second semi-codeword; and
generating a fourth semi-codeword from the information
bits of the first semi-codeword plus a second half of the
parity bits from each of the first semi-codeword and the
second semi-codeword.
8. The method of claim 7, further comprising:
assigning groups of bits of the first, second, third and
fourth semi-codewords to each of four quarter-parti-
tions, wherein each of the quarter partitions includes
bits in one half of one of the first, second, third and
fourth codewords.
9. The method of claim 7, further comprising:
transmitting bits of first and second ones of the four
quarter-partitions on subcarriers in a lower sideband of
an in-band on-channel signal; and
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transmitting bits of third and fourth ones of the four
quarter-partitions on subcarriers in an upper sideband
of the in-band on-channel signal.
10. The method of claim 7, further comprising:
performance checking the first and second semi-code-
words; and
repartitioning the parity bits of the second semi-codeword
if the first and second semi-codewords do not meet
predetermined performance criteria.
11. A receiver for receiving a digital radio signal, the
receiver comprising:
an input for receiving a radio signal including at least one
carrier, the carrier being modulated by plurality of
information bits representing audio information and/or
data encoded in a plurality of complementary low
density parity check codewords including a first code-
word having a first code rate; wherein the first code-
word is partitioned by assigning groups of bits of the
first codeword to four quarter-partitions, and wherein
each of the quarter partitions includes bits in one half
of one of four independently decodable semi-code-
words each having a second code rate that is larger than
the first code rate; and
a processor for producing an output signal in response to
the received radio signal.
12. The receiver of claim 11, wherein:
the first codeword comprises information bits and parity
check bits; and
the groups of bits assigned to each of the four quarter-
partitions include a group of the information bits and a
group of the parity bits.
13. The receiver of claim 11, wherein:
first and second ones of the four quarter-partitions are
received on subcarriers in a lower sideband of an
in-band on-channel signal; and
second and third ones of the four quarter-partitions are
received on subcarriers in an upper sideband of the
in-band on-channel signal.
14. The receiver of claim 11, wherein the first codeword
comprises a systematic codeword.
15. The receiver of claim 11, wherein the first codeword
comprises a non-systematic codeword.
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